This study investigates the impact of anthropogenic climate change on the Indian summer monsoon, and the ENSO-monsoon teleconnection, using the transient climate change simulations of the MRI coupled model (MRI-CGCM2.2). In the present simulations atmospheric greenhouse gas (GHG) concentrations and aerosols are varied to represent observed changes during 1850-2000, and from 2001-2100, at the rate prescribed by the SRES-A2 and B2 scenarios to study the response of the monsoon climate during 2071-2100. All India annual temperature shows warming by 2.35 C (1.64 C), while all-India monsoon rainfall (JJAS) indicates an increase by 9% (6%) in SRES-A2 (B2) scenario relative to the present climate . Increase in the monsoon precipitation is evident over parts of south India, parts of the Bay of Bengal and northwest India. The simulations feature stronger warming over South Asia relative to the Indian Ocean, leading to enhanced land-sea temperature contrast. Enhanced moisture in a warmer scenario, coupled with enhanced monsoon circulation, leads to enhanced moisture transport over the Indian region from both the Bay of Bengal and Arabian Sea leading to increased monsoon precipitation. Decomposition of the moisture transport into divergent and non-divergent components shows that the enhanced monsoon rainfall is mainly due to intensification in the non-divergent component of the moisture transport. While strong and continued increase in monsoon rainfall suggests a change towards wetter mean state, warming of summer (JJA) Niñ o-3 SSTs suggests a change towards warmer El Niñ o like mean state in the east Pacific. The variability in the Niñ o-3 SST shows an increasing trend, as well as fluctuations about the trend. The correlation between the Indian monsoon rainfall and Niñ o-3 SST decrease particularly after 2050. This weakening of ENSO-monsoon relationship is also seen in the form of change in the impact of ENSO events on the intra-seasonal monsoon rainfall over India.
Introduction
Indian monsoon rainfall (rainfall during June-September; IMR hereafter) has been relatively stable and trendless since 1871, with large interannual variability leading to the occurrence of flood/drought years (Rupa Kumar et al. 1992; Pant and Rupa Kumar 1997) . El Niñ oSouthern Oscillation (ENSO) is known to be a strong large-scale forcing for the interannual variability of IMR (drought conditions over India accompany warm ENSO events and vice versa). However, drought conditions did not occur over India during major ENSO events of the 1990's (during 1990-1995 and 1997 the strongest) , suggesting weakening of the ENSOmonsoon relationship, and possibly due to anthropogenic climate change (Krishna Kumar et al. 1999b ). In the context of anthropogenic climate change, the impact on the Indian subcontinent remains a major issue for the large population of this region. Indeed, the long and persistent dry season that dominates the Indian climate between November and May makes the regional water resources extremely dependent on the relatively short summer monsoon season, and even a moderate decrease in monsoon precipitation could have serious consequences on the Indian economy. Conversely, any increase in seasonal precipitation could be associated with an increased risk of major floods. Such dramatic droughts and floods have been already recorded during the 20th century, in response to the large interannual variability of the IMR, but increasing level of greenhouse gases (GHG) during the 21 st century is expected to modify their intensity and frequency.
Unfortunately, numerical climate projections based on coupled ocean-atmosphere models are still uncertain at the regional scale. While early studies using a slab ocean suggested a strengthening of the Indian monsoon circulation, and precipitation with enhanced GHG concentration (Zhao and Kellogg 1988) , more recent experiments do not lead to a firm consensus. On one hand, several studies (Meehl and Washington 1993; Bhaskaran et al. 1995; Hu et al. 2000; Rupa Kumar and Ashrit 2001; Ashrit et al. 2003 ) also found increased monsoon precipitation, attributed to an enhanced monsoon circulation driven by the stronger warming of the Asian continent compared to the Indian Ocean response. On the other hand, no clear evidence for a significant change in the Indian monsoon rainfall appeared in other transient, or time-slice experiments (Lal et al. 1994 and Mahfouf et al. 1994; Timbal et al. 1995) . Kitoh et al. (1997) reported increased monsoon rainfall in their transient climate change simulation, without any increase in the strength of monsoon circulation, and suggested that the increase in the monsoon rainfall could occur in response to increased atmospheric moisture in a warmer climate. Comparing time-slice experiments based on four different atmospheric general circulation models (GCMs) forced by the same SST anomalies, Douville et al. (2000) found a general weakening of the monsoon circulation, but a significant spread in the monsoon precipitation change. They confirmed the hypothesis of Kitoh et al. (1997) that the precipitation response cannot be inferred directly from the circulation change, and that changes in atmospheric moisture play an important role in the model response.
The large uncertainties in the existing climate projections originate from several sources: differences between the emission scenarios, introduction of possible additional effects of sulphate aerosols, differences between the models, possible influence of the internal modes of decadal and multi-decadal variability found in the coupled climate models. In addition to these possible reasons, another major obstacle for deriving reliable climate projections is probably the difficulty to simulate the present-day climatology of the Indian monsoon region. Kittel et al. (1998) presented results of an intercomparison of regional biases among nine coupled ocean-atmosphere GCMs for different regions. Over South Asia (5-30 N; 70-105 E), the control simulations of all models showed strong biases relative to the observations. The bias in the summer temperature varies G5 C while that in the summer monsoon precipitation varies G50% (relative to observed). The response to enhanced GHG concentrations indicated a change in summer temperature varying from 0.5-3.5 C, and a change in the summer precipitation varying from 0 to 35%, relative to the control climate. While the authors concluded that these models had greater agreement in their sensitivities than their control climate did with observations, the conclusion that climate change projections may not depend on details of their representation of present-day climate might be somewhat exaggerated. First, the biases that were discussed by Kittel et al. (1998) cannot be considered as detailed. Second, besides biases in the mean climate, other deficiencies in the simulations can probably exert a significant influence on the models' sensitivity.
This remark emphasizes the need to validate carefully the simulated present-day climate by focusing not only on monthly and seasonal means, but also on variability, teleconnection and trends. According to the Third Assessment Report (TAR) of the IPCC (2001), there is indeed more and more observational evidence that global warming is happening, and that we have entered a period with an unprecedented warming rate. While the internal decadal variability of the climate system could have contributed significantly to the climate fluctuations recorded before the 1970s, it seems that it cannot account for the recent global warming.
Thus, capturing the observed trend in global annual mean surface temperature becomes a relevant criterion for validating coupled simulations with a realistic radiative forcing. Trends observed on the sub-continental scale are generally less significant, but can be compared to simulations of the 20 th century climate (Giorgi 2002a and b) . The validation of interannual variability is also important, since the simulated range of variability will obviously affect the signal-to-noise ratio, and thereby the statistical significance of the simulated climate changes. Moreover, a poor representation of the variability is also likely to alter the simulated teleconnection, which can also affect the model sensitivity. This issue is particularly important, since a possible weakening of the ENSOmonsoon teleconnection has been reported in the observations (Krishna Kumar et al. 1999a Kumar et al. , 1999b .
Impact of anthropogenic global warming on the ENSO is critical, and has attracted great attention as changes in ENSO characteristics also affect the associated climate anomalies, in particular over the monsoon region. The second phase of Coupled Model Intercomparison Project (CMIP2) is focused on simulation of response of the models to a 1% per year CO 2 increase. Reporting some of the key findings of CMIP, Meehl et al. (2000) point that some of the models showed an El Niñ o-like pattern in mean SST response, with greater warming in the eastern equatorial Pacific than in the western equatorial Pacific. A change towards an El Niñ o-like mean SST state, with increased variability leading to increased number of extremes, with a strong skewness towards cold events, is also reported by Timmermann et al. (1999) .
There have been very few studies assessing the impact of global warming on the ENSOmonsoon teleconnection. A detailed investigation of the response of the ENSO-monsoon teleconnection to the transient climate change helps one to assess whether the observed weakening of ENSO-monsoon teleconnection is due to global warming, besides providing a scenario of change in the ENSO-monsoon coupled system. Analysis of monsoon rainfall vis-à -vis ENSO in the ECHAM4/OPYC3 climate change simulations suggested a diminishing impact of warm ENSO events on monsoon, while the impact of cold ENSO events remained unchanged . The asymmetric response of the monsoon to changes in the ENSO was shown to be due to anomalous warming over the Eurasian landmass, and enhanced moisture convergence. However, it is also possible that the internal multi-decadal variations may obscure the impact of global warming on ENSO-monsoon teleconnection, as reported in Ashrit et al. (2003) , emphasizing the need for multiple ensembles and longer simulations.
This study investigates the impact of anthropogenic climate change on the Indian summer monsoon, and the ENSO-monsoon teleconnection, using the transient climate change simulations of the MRI coupled model (MRI-CGCM2.2, CGCM here-after). Change in the surface air temperature, lower tropospheric circulation, rainfall and teleconnection have been studied for the period of 2071-2100, relative to 1971-2000. Similar analysis is also carried out for 2021-2050, to confirm the robustness of the climate change. However, the results are presented only for 2071-2100 for brevity. A brief description of the coupled model configuration, and the climate change simulations, is given in the next section. Yukimoto et al. (2001) gives detailed discussion on the model description, experiments, model climate, and variability. Rajendran et al. (2004) discusses the Asian summer monsoon, and its variability, while Noda et al. (2001) Randall and Pan (1993) is used, while cloudiness is determined as a function of relative humidity. For largescale condensation, vertical diffusion, with a level-2 turbulence closure scheme, based on Mellor and Yamada (1974) is used. A scheme developed by Iwasaki et al. (1989) is used to calculate orographic gravity wave drag, and Rayleigh friction is used for non-orographic gravity wave drag. Parameterization of ground hydrology is based on Simple Biosphere (SiB) model (Sellers et al. 1986; Sato et al. 1989) . It has three soil layers, with different field capacity for each vegetation type, where temperature, liquid water and frozen water in the soil layers are predicted.
The oceanic component is a Bryan-Cox-type OGCM having a horizontal resolution of 2.0 Lat Â 2.5 Lon with resolution increasing to 0.5 near equator (between 4 S and 4 N) for better resolution of equatorial waves. The grid spacing gradually increases from 0.5 to 2.0 at between 4 and 12 in both hemispheres. The ocean model has 23 layers with upper-most layer of thickness of 5.2 m, and deepest bottom extending to 5000 m. The upper thermocline is very well resolved to give a better representation of oceanic waves that play an important role in decadal to interdecadal climate variability. The sea-ice model of Mellor and Kantha (1989) is also used. Compactness and thickness are predicted based on thermodynamics and advection. Freezing and melting rates of sea ice are calculated, with balance of heat and fresh water at the sea ice bottom, at the open sea surface, and within seawater (creation of frazil ice). The atmosphere and ocean coupling takes place every 24-hours by exchange of fluxes of heat, fresh water and momentum at the sea surface. The fluxes are transferred to OGCM grids, while preserving the energy and water budgets. Then OGCM is time integrated for 24 hours to predict the SST and sea ice parameters there by updating the lower boundary of AGCM. To keep the model climatology of the control run close to observations, the flux adjustments for heat, fresh water (global) and wind stress (in the region bounded by 12 S to 12 N) are applied. This is done to produce a good representation of the climatological thermocline structure along the equator, which plays a crucial role in model performance in simulating ENSO. The control simulation is a 300-year run with fixed concentrations of CO 2 (348 ppmv), CH 4 (1.65 ppmv) and N 2 O (0.306 ppmv). Rajendran et al. (2004) gives a detailed account of the control run and the climate drift. Climate change simulations correspond to a period from 1851-2100. During 1851-2000 (three ensembles) the GHG, sulphate aerosols, the solar constant and volcanic activity are changed at historically observed rates. The historical data for the GHG are based on Hansen et al. (1998) . Only the direct effect of sulphate aerosols is included where the temporal variation is based on the historical emission record. The effect of solar variability is included by specifying the solar constant based on the estimation by Lean et al. (1995) , and the effect of stratospheric aerosols due to the volcanic activity is reflected with substitution as the solar irradiance reduction, based on the estimation by Sato et al. (1993) . During 2001-2100 (three ensembles) the transient changes in the GHG and aerosols are prescribed according to SRES-A2 and B2 scenarios of IPCC (Appendix II of IPCC 2001). For a detailed description of the model configurations and the climate change experiments, one may refer to Yukimoto et al. (2001) . Figure  1 shows the global annual mean surface air temperature anomalies relative to the climatology, to compare with the observations (CRU Data; Jones et al. 1999) . Although the simulated mean temperature is underestimated during the 20 th century, the observed and simulated anomalies and warming trends in the late 20 th century are comparable. However, it must be noted that the anomalies have been computed relative to the late 20 th century mean. If the pre-industrial period is taken as the reference, we find the model overestimates warming in the late 20 th century. It suggests that the radiative forcing is overestimated in the model, since the indirect effects of sulphate aerosols are not incorporated in the model. Simulated change in the global annual mean temperature is 2.9 C (2071-2100) in SRES-A2 (2.19 C in SRES-B2) scenario, relative to present day climatology .
Simulated monsoon climatology
Monsoon season typically features high temperatures over the land regions relative to the Indian Ocean leading to strong landsea thermal contrast, southwesterly monsoon flow in the lower troposphere (850 hPa A comparison of observed and simulated winds at 200 hPa also shows occurrence of strong easterlies (not shown). However, the simulations feature slightly weaker winds, and also are not as extensive as in the case of observations. Warm bias over the oceans may be responsible for a weaker than observed landsea temperature contrast in the model, and hence weaker winds in the model. Simulation of Indian monsoon precipitation characteristics can be considered test-bed for any model. A comparison between observed and simulated monsoon rainfall over South Asia is shown in Figs. 2e, f. Simulation of the monsoon precipitation is reasonable, since the broad scale features of high rainfall along the west coast, and in the northeast of the Indian peninsula, and low rainfall in the northwest and southeast are well simulated. However, on a fine regional scale the observed features are missed out in the simulations. While the rainfall maximum over the west coast is well captured, the rainfall over the Bay of Bengal is overestimated (underestimated) south (north) of 15 N (Rajendran et al. 2004 ). It can be noted from Fig. 2d that the Bay of Bengal current of the monsoon flow is much weaker compared to the observations. It must also be noted that observations typically feature high rainfall over northeastern parts of India and the Bay of Bengal, forming a continuous high rainfall pattern, indicating the location of ITCZ extending towards the west Pacific (Fig. 2e) . The simulations seem to capture the Indo-Pacific rainfall pattern while over the Indian region the patterns seem to be diffused. Further, it must be noted that over the land regions of India and Southeast Asia and Southern China the simulated rainfall is marginally underestimated (Rajendran et al. 2004 ).
However, a comparison of spatial averages of the observed and simulated seasonal and annual rainfall and temperatures are reasonable, as can be seen in Table 1 . The spatial averages have been worked out in the area bounded by 5-40 N/65-100 E, taking grid points over land and ocean. While the simulated mean monsoon rainfall shows a marginal bias of about þ5%, the interannual variability of simulated rainfall during the monsoon and winter is underestimated compared to the CMAP (Xie and Arkin 1996) data. Simulated temperature means, and standard deviations, compare very well with the observations. simulations. The time series corresponding to the three members of the ensemble (S11, S12 and S13) are also shown (with symbols only) along with their average (in solid line) for depicting the spread among the members. A detailed exercise to quantify the spread among the members of the ensemble and its impact on the computed climate change is not carried out since there are only three members. Figure 3b is the same as 3a but for SRES-B2 scenario. The all-India annual mean temperature indicates strong warming trend, particularly towards the late 21 st century in the SRES-A2 scenario, to attain a warming by 2.35 C during 2071-2100. However, in the SRES-B2 scenario the warming is relatively less (1.64 C), with maximum warming of 2.71 C in A2 (1.94 C in B2) during DJF. Bottom panels Figs. 3c and d show the time series of the all-India monsoon rainfall anomalies in the two simulations. The three members of the ensemble feature higher spread for monsoon rainfall compared to that in the annual temperature. Change in the simulated all-India monsoon rainfall averaged over India also show an increase of about 9% in SRES-A2 scenario, and slightly less 6% in the B2 scenario. Higher inter-member spread in simulated rainfall (than for annual temperature) might indicate uncertainty in the rainfall projections. However, it is important to note that the time series are computed over small domain N/65-100 E) over India, and the inter-member spread is indeed expected.
Change in the simulated annual temperature, monsoon circulation and rainfall have been studied for the period of 2071-2100 relative to the present day climatology. Choice of the period (2071-2100) is made, considering the maximum change in simulated monsoon rainfall. Figures 4a, b shows the change in annual temperature over the monsoon region. Strong warming over India exceeding 2 C is evident in SRES-A2 scenario, and relatively milder warming in the SRES-B2 scenario. Warming is also seen over the Arabian Sea in both scenarios. Change in the JJAS 850 hPa vector winds (along with change in the zonal component in shading) are shown in Figs. 4c, d. Easterly anomalies all over the equatorial Indian Ocean, west Pacific and over the Indian peninsula form the dominating feature. Easterly anomalies to the north of the equator, and parts of the Arabian Sea, suggest weakening of the southwest monsoon circulation in that region. Further to the north over the Arabian Sea westerly anomalies indicate increased strength of the monsoon south-westerlies in that region. Thus westerly anomaly to the north, and easterly anomaly to the south over the Arabian Sea, suggests a northward shift in the monsoon circulation. Similar northward shift in the circulation is also seen over the west Pacific. Despite the weakening of the monsoon circulation, increased monsoon rainfall is evident in both the scenarios over western and eastern coast of peninsular India, and parts of western and north India (Figs. 4e, f ) . Similar analysis carried out for the period 2021-2050, also shows the same results, with changes being milder. Spatial patterns of warming over Asian continent and rainfall over India, and those of changes in the 850 hPa circulation during 2021-2050 are all the same as in 2071-2100, suggesting the simulated climate change during the period of interest are robust. Increased rainfall can also be seen over southern parts of China, and parts of Southeast Asia. Over west Pacific decreased rainfall between 20-25 N, and increased rainfall to the north of this latitude, suggests a slight northward shift of rain belt in this region. These results are similar to those reported by Bhaskaran et al. (1995) , Kitoh et al. (1997) , Douville et al. (2000) and Ashrit et al. (2003) . As reported in earlier studies the enhanced monsoon rainfall in a warmer future scenario, despite weakening of monsoon circulation, suggests that the enhanced monsoon rainfall could be attributed to increased moisture content of the warmer atmosphere and not to the changes in circulation. Ashrit et al. (2003) showed that the increase in precipitation is due to an increased moisture convergence, but without increase in mass convergence, emphasizing the 'non-dynamical' contribution of the increase in precipitable water in a warmer climate. Douville et al. (2002) further decomposed the moisture transport into mean and transient components to show that the enhanced monsoon rainfall is chiefly contributed by increase in the strength of the mean flow. Meehl and Arblaster (2003) show that increase in the mean monsoon precipitation is due to increased moisture source from the warmer Indian Ocean. While increased interannual variability of monsoon rainfall is primarily due to warmer Pacific Ocean SSTs, with enhanced evaporation variability, with warmer Indian Ocean SSTs form secondary factor. A detailed investigation of the possible causal mechanisms for changes in monsoon rainfall is presented in the following section.
Plausible mechanisms for change in monsoon rainfall
As discussed in the last section both the scenarios indicate strong weakening of the westerlies at 850 hPa over the Indian region as well as the Arabian Sea and the Bay of Bengal extending to the west Pacific. However, change in the meridional component of wind at 850 hPa shows enhanced southerlies wide spread over the Arabian Sea and parts of the Bay of Bengal (Figs. 5a, b) . This suggests that enhanced landsea temperature contrast in the warmer future climate scenario, at least partly accounts for enhanced meridional component of wind at 850 hPa. It is also noted that the enhanced monsoon circulation is rather evident at 700 hPa (not shown). Further change in the vertically integrated moisture transport in the two scenarios is shown in Figs. 5c, d . Both the scenarios show stronger cross-equatorial flow along with enhanced moisture transport over the Arabian Sea and the Bay of Bengal. The impact of warmer SSTs over the Arabian Sea is also evident in the form of enhanced moisture flux over this region. Simulated change in the moisture transport shows strong cyclonic anomaly over the Bay of Bengal, and over the Arabian Sea, and strong anticyclonic anomaly over the west Pacific relative to the present day climatology. The analysis carried out for 2021-2050 (not shown) also shows same patterns of change in the meridional component of wind and vertically integrated moisture transport, with however, smaller magnitudes of change.
It is clear from the discussion that the enhanced monsoon rainfall over the Indian region is supported strongly by the enhanced moisture transport, rather than changes in the circulation alone. The Indian Ocean, Arabian Sea and the Bay of Bengal form rich source of moisture for the monsoon rains over India. Identification of the water vapour source and sink regions, and the link between the water vapour transport and the circulation, is facilitated by use of stream function ðcÞ and velocity potential ðwÞ analysis of the vertically integrated moisture fluxes ðqu; qvÞ (Rosen et al. 1979; Chen 1985; Peixoto et al. 1981; Peixoto 1994) . Large-scale water vapour transport in the atmosphere may be described by both non-divergent (stream function) and divergent (velocity potential) components of the flow. The non-divergent component of the flow indicates transport patterns, while the divergent component is useful in assessing intra-and interannual oscillations of sources and sinks of water vapour (Krishnamurti et al. 1978; Chen 1985; Peixoto et al. 1981) . The water vapour transport is defined as cyclonic (anticyclonic) around minima (maxima) in stream function in the northern hemisphere. Positive velocity potential denotes convergence of moisture. Divergent transports take place towards higher values of velocity potential and perpendicular to the contours. The divergent component of water vapour transport is related to water vapour budget through ' 2 w A E À P, where E is evaporation and P is precipitation. Thus it is an indicator of water vapour source ðE > PÞ and sink ðE < PÞ (D'Aberton and Tyson 1995).
To investigate the possible changes in the large-scale moisture transport during the monsoon season, moisture stream function and moisture velocity potential have been computed following Peixoto (1994) . Figure 6a shows wide anticyclonic circulations over Pacific and Atlantic of both hemispheres, with dominant pattern over the monsoon region during 1971-2000. On the other hand the velocity potential (Fig. 6b) shows large centers of maximum (convergence) and minimum (divergence) during the same period. Stream function shows a three-cell structure prominent in the northern hemisphere over north Atlantic, north Pacific and Indian monsoon region. While eastward zonal transport is strong in southern hemispheric mid-latitudes, it is segmental in the northern hemisphere due to cellular structure. However, the magnitude of the velocity potential is smaller than that of the stream function, implying divergent component is smaller than the non-divergent component of transport. Changes in these fields have been computed for both the scenarios. While stream function shows intensification of moisture transport (without any change in the patterns) over the Indian monsoon region and also other regions (Fig. 6c) , velocity potential (Fig. 6d) shows changes in the location of centers of convergence and divergence of moisture, particularly over the Pacific. Strong anticyclonic anomaly over equatorial Indian Ocean, and cyclonic anomaly to the north over the Bay of Bengal, are evident in both the scenarios. The convergence over the northwest Pacific seems weak- Niñ o type of change in mean climate in both the scenarios. In a similar simulation study Timmermann et al. (1999) also reported a change towards warm ENSO state in the late 21 st century. Further the zonal and meridional components of the divergent and non-divergent transport are used to obtain change in magnitude/intensity of the components, and are compared with the change in intensity of total transport (Fig. 7) . Figure 7a (Figs. 7e and f ) closely compares with the change in total flux. Thus it is found that the enhanced moisture transport in the monsoon region is chiefly contributed from the enhancement in the non-divergent component of the moisture transport. Divergent component correspond to the local Hadley and Walker circulations, that are responsible for local maintenance of high water vapour content over the tropics, while the non-divergent component correspond to most of the atmospheric water vapour transports (Chen 1985) . Thus the analysis carried out suggests that in the warmer climate scenario, enhanced moisture transport over the Indian monsoon region is mainly due to enhanced water vapour in the atmosphere.
Variability and teleconnection

Interannual variability and ENSO-
monsoon teleconnection Among the factors causing the interannual variability of Indian monsoon, ENSO is considered to be one of the most important. The ENSO-monsoon teleconnection reported in observational studies indicate significant simultaneous correlation between the IMR and various ENSO indices. Typically the ENSOmonsoon teleconnection is characterized by strong and significant correlations of IMR with the eastern equatorial Pacific SST during summer and ensuing fall seasons (Krishna Kumar et al. 1995) . Strong and significant negative correlation with SST over east Pacific, and positive correlation over west Pacific, seen in the observations is well captured by the model in terms of spatial distribution and strength of correlation (not shown). Observed correlation over parts of the Indian Ocean and Arabian Sea are also reproduced in the model. In the context of climate change simulation, studies indicate strong increase in the mean SST's and in the variability leading to increased frequency of extreme events, i.e., El Niñ o and La Niñ a (Timmermann et al. 1999) .
Both the scenarios of the CGCM simulations indicate secular fluctuations in mean values and standard deviation of IMR and Niñ o-3 JJA SST (not shown) during the entire period of the simulations, 1850-2100. However, while the mean values clearly feature increasing trend during the 21 st century, the standard deviation does not show a clear trend. Figure 8 shows the 21-year sliding mean (Figs. 8a and b) and standard deviation (Figs. 8c and d) in the simulated Niñ o-3 SST for two seasons. First the anomalies are computed relative to 1971-2000 and then 21-year sliding mean and standard deviation are computed for both winter (DJF; Fig. 8a and c) and summer (JJA; Fig. 8b and d) . The simulated trend in mean and variability are compared with those in the observations. The simulations feature wide fluctuations between 1850-1950 and do not compare with the observations. However in the late 20 th century the simulations feature strong warming trends that compare closely with the observations. Further into 21 st century the simulations indicate strong warming of Niñ o-3 SST in response to the transient changes in the radiative forcing in the CGCM simulations. Niñ o-3 SST change exceeds over 2.5 C in JJA under SRES-A2, and by about 2 C under SRES-B2 scenario. During DJF the change in SST are 2.6 C and 1.8 C in SRES-A2 and SRES-B2, respectively. Changes in the observed and simulated Niñ o-3 SST variability are shown by 21-year sliding standard deviation for DJF (JJA) in Fig. 8c (d) . Both observations and simulations feature multidecadal fluctuations in the variability during 1850-2000 with no clear long-term trend. During 2000-2100 the Niñ o-3 SST variability shows an overall increasing trend, but is domi-nated by multi-decadal fluctuations in both seasons.
Further, to study the evolution of ENSOmonsoon teleconnection in the CGCM simulations vis-à -vis observations, IMR correlation with Niñ o-3 SSTs is computed in 21-point sliding window (Fig. 9) . A comparison with the observed changes in correlation during the late 20 th century suggests that the simulations successfully capture the observed weakening of the teleconnection during that period. While these results indicate that the observed weakening of the ENSO-monsoon relationships can be attributed to global warming, it must be noted that the correlations also feature wide fluctuations superimposed on decreasing trend. Further both simulations indicate strong weakening of the correlation into the 21 st century, particularly after 2050 or so. Observations indicate Eurasian warming and eastward shift of the Walker circulation since 1975 (Krishna Kumar et al. 1999b) as possible cause of weakening impact of ENSO on monsoon. An earlier study ) using coupled model indicated eastward shift in Walker circulation besides enhanced land-sea temperature contrast leading to enhanced monsoon circulation and enhanced moisture in a warmer atmosphere. Although an eastward shift in the Walker circulation is not evident in this study, the enhanced moisture transport leading to increased rainfall over India is in agreement with Ashrit et al. (2001 and .
Impact on the intra-seasonal variability
During the monsoon season the rainfall activity over India features active and weak spells. Typically drought years feature several or extended spells of weak rainfall activity while flood years feature prolonged spells of active rainfall activity. The rainfall averaged over India (IMR) clearly captures the signature of the intra-seasonal rainfall activity over India. Here analysis is carried out using the daily rainfall from the CGCM simulations to study the impact on intra-seasonal variability. First a brief discussion of the climatological change in the daily rainfall is presented for 2071-2100 relative to 1971-2000 (Fig. 10) . Enhanced monsoon rainfall activity in both the scenarios is evident during the monsoon season. However, it is interesting to note enhanced rainfall over India during the month of May, and particularly towards the end of May. This possibly indicates enhanced pre-monsoon thunderstorm activity in both the scenarios. A detailed investigation of this aspect is beyond the scope of the present study. Similar analysis carried out for the period of 2021-2050 (not shown) also indicated enhanced rainfall in all months relative to 1971-2000. To investigate the possible impact of climate change on the intraseasonal variability of monsoon, composites of All-India daily rainfall are constructed based on the AllIndia monsoon rainfall for the present day period and for the two scenarios. Years with AllIndia monsoon rainfall exceeding þ1 SD (À1 SD) is considered as flood (drought) year. Composite anomalies are obtained by subtracting the daily climatology. Frequency distribution of composite anomalies is constructed to study the changes in the characteristics of All-India daily rainfall during flood/drought years in the scenario. This exercise is independently carried out for all three ensembles and an average is taken over all the ensembles in both the scenarios. Figure 11 shows the frequency distribution of the composite anomalies of All-India daily rainfall during the monsoon season for flood years ( ( Figs. 11d-f ). Flood years feature little change in the frequency of extremely high rainfall anomalies (>þ2 mm/day), while frequency of rainfall anomalies between 0 and 1 mm/day show an increase particularly in SRES-A2 scenario (Fig. 11b) . During the drought years frequency of rainfall anomalies between 0 and À1 mm/day show a sharp increase, particularly in SRES-A2 scenario. Thus the scenarios indicate marginal increase in the drought conditions with almost no change in the flood situations. Changes studied for the period 2021-2050 (not shown) are also similar, and they corroborate these conclusions regarding the changes in the frequency of high (low) rainfall anomalies during the flood (drought) years. It would be interesting to see the impact of changes in the ENSO-monsoon teleconnection on the intra-seasonal variability. For this, composites of All-India daily rainfall are constructed based on the Niñ o-3 SST (JJA) index for the present day period and for the two sce- Figure 12a (b) suggests that the composites of All-India daily rainfall for flood (drought) years closely compares with that for La Niñ a (El Niñ o). However, in both the scenarios (Figs. 12c, d , e and f ) the flood (drought) composites and La Niñ a (El Niñ o) composites seem to be moving apart, indicating weak ENSO-monsoon relationship. Similar analysis carried out for the period 2021-2050 also suggests similar changes although not as strong (not shown). Thus the simulations indicate a weakening in the impact of ENSO on monsoon.
Conclusions
This study is an assessment of the transient climate change simulations using MRI- CGCM2.2 with focus on the Indian summer monsoon and the ENSO-monsoon teleconnection. The study first validates the present-day climatology, and then investigates the possible impacts of changing amounts of greenhouse gases and sulphate aerosols in the simulations. The main findings are the following:
1. CGCM simulates the broad scale climatological features of monsoon circulation and precipitation rather well. However, on regional and local scale the comparison with observations shows some disparities. Simulated precipitation over northeast India and over the head the Bay of Bengal is underestimated. 2. A comparison of spatial averages (over 5-40 N/65-100 E) of the observed and simulated seasonal and annual rainfall suggests that simulated temperature means, and standard deviations, compare very well with the observations. However, the simulated mean monsoon rainfall shows a marginal bias of about þ5%; the interannual variability of simulated rainfall during the monsoon and winter is underestimated compared to observations. 3. Change in the climate over the Indian region is computed for the period 2071-2100 relative to 1971-2000. Analysis is also carried out for the period 2021-2050 to check that the results are robust. Annual temperature averaged over India show an increase of 2.35 C in SRES-A2 scenario (and 1.64 C in SRES-B2) with maximum warming of 2.71 C (1.94 C in SRES-B2) during DJF. Monsoon rainfall (JJAS) averaged over India indicates an increase by 9% in SRES-A2, and by 6% in SRES-B2 scenario. While precipitation increases over the Indian region, the winds at 850 hPa show weakening of the zonal component. However, meridional component and vertically integrated moisture flux suggests intensification. Enhanced moisture build-up in the warmer atmosphere, may have caused increase in the monsoon precipitation. 4. A detailed analysis of changes in the vertically integrated moisture transport and their divergent and non-divergent components is also carried out. It is found that the overall increase in the strength of moisture transport is responsible for increased monsoon rainfall over India. The increase in the moisture transport is mainly due to enhancement in the non-divergent component of moisture transport. 5. In both SRES-A2 and B2 scenarios, Niñ o-3
SSTs show strong warming (by more than 2.5 C during 2071-2100). Niñ o-3 SST interannual variability undergoes multi-decadal variations. However, the variability features no strong trend. The impact of simulated climate change on the ENSO-monsoon teleconnection is manifested in weakening of correlations between IMR and Niñ o-3 SST into the late 21st century, along with the multi-decadal variations. 6. To study the impact of climate change on the intra-seasonal variability of monsoon, frequency distribution of the composite anomalies of All-India daily rainfall during the monsoon season are constructed for flood years and drought years. Flood years feature little change in the frequency of extremely high rainfall anomalies (>þ2 mm/ day), while frequency of rainfall anomalies between 0 and 1 mm/day show an increase particularly in SRES-A2 scenario. During the drought years frequency of rainfall anomalies between 0 and À1 mm/day show a sharp increase particularly in the SRES-A2 scenario. 7. To study the impact of changes in the ENSO-monsoon teleconnection on the intraseasonal monsoon variability, composites of All-India daily rainfall are constructed based on the Niñ o-3 SST (JJA) index for the present day period, and for the two scenarios. Composites of All-India daily rainfall are constructed for drought (flood) years and compared with the composites for El Niñ o (La Niñ a) years corresponding to the period 1971-2000 and 2071-2100. The results suggest that the composites of All-India daily rainfall for drought (flood) years closely compares with that for El Niñ o (La Niñ a) during 1971-2000. However, in both the scenarios the drought (flood) composites, and El Niñ o (La Niñ a) composites, seem to be different. This indicates that the weakening of ENSO-monsoon teleconnection evident in the form of weakening IMR, and Niñ o-3 SST correlation, is also manifested in the impact of ENSO events on the intra-seasonal monsoon rainfall over India.
